Abstract: The neutron diffraction method provides a powerful nondestructive method to measure the loading and residual stresses in the interior of the materials and has been applied to the determination of the residual stress distribution in various engineering structures such as welded and brazed joints. The neutron method also gives useful information on the microscopic stress or the intergranular stress induced in single and multiphase materials by plastic deformation and fatigue. The method is also available for the determination of texture and phase transformation inside the materials. The present paper reviews the fundamentals for stress measurements and the latest applications of the neutron diffraction method in the field of materials science and engineering. Several directions of future developments of the neutron method are suggested.
where ƒAE0 is the diffraction angle from stress-free materials. 
LOADING STRESSES

Stresses in Single Phase Materials
To determine the diffraction elastic constants, the strain is measured under the application of the known uniaxial stress. Figure 4 shows the changes of the strain determined from different diffractions during elastic loading of steel whose yield stress is 230 MPa [5] . Under the same applied stress, the strain obtained from 200 diffraction is the largest and that by 222 diffraction is the lowest. The other diffractions are in between. The slope gives the Young's modulus. The difference in Young's modulus manifests the elastic anisotropy of the materials. Figure 5 shows the change of the strains in the loading and transverse directions determined from three reflections of stainless steel by the TOF method [6] . The 0.2% proof stress is 252MPa. Deviations from linearity of the individual planes occur close to the onset of macroplasticity. Once plastic deformation occurs, the yielding of preferentially oriented grains relative to neighbors causes strain distribution, and a divergence from the hitherto linear response. The deviation from linearity above yielding is large for 200 diffraction because of large intergranular strains. The 111 and 311 diffractions are less sensitive to intergranular strains. The deviation from linearity comes from plastic anisotropy of polycrystals [6] . The neutron method has an advantage to grasp the average behavior of the bulk materials, while the information by the X-ray method is influenced by the free-surface effect.
Since an entire diffraction spectrum is obtained in each measurement direction, the strain is usually determined from the whole diffraction pattern using Rietveld analysis. For cubic crystals, the strain is determined from the change of the lattice constant as ƒÃ=a-a0/a0 (8) Fig.  4 . Relation between applied stress and X-ray strains for several diffraction planes of steel (JIS S25C).
where ao is the lattice constant of stress-free samples of the material. The strain obtained by the Rietveld method is also shown in Fig. 5 . For the axial direction, the agreement of the Rietveld results with the macroscopic strain is good, because the average of the strains for many diffractions is close to the macroscopic strain. Table 1 presents the recommended and problemativ diffractions for stress measurements in ISO/TTA [3] . The former diffractions do not show a large deviation from linearity above yielding because of small intergranular strains.
Kroener model is used to evaluate the diffraction elastic constants from the single crystal elastic constants. Most Table 1 . Recommended and problematic diffractions for stress measurement.
(a) Parallel to the tensile axis.
(b) Perpendicular to the tensile axis. Fig. 5 . Relation between applied stress and X-ray strains for stainless steel.
(a) Phase stress in Al.
(b) Phase stress in SiC. Fig. 6 . Relation between applied stress and phase stresses of aluminum alloy reinforced by SiC particles. Figure 7 shows the distribution of the residual tangential stress in a plastically bent plate [4] . The strains in the tangential, radial and axial directions were measured and then the stress was calculated by Eq. (7). The stress is compression near the convex side of the plate and tension near the concave side. The stress distribution agrees well with the distribution calculated by elementary beam theory.
Tsuchiya et al. measured the residual stress distribution in a jacket material, Incoloy 908, for ITER super conducting coil [12] . The jacket was bent three times to have the final shape. A tensile residual stress above 200MPa is detected near the inner surface of the jacket, which results in stress-assisted grain boundary cracking.
The neutron method has been applied to measure the internal distribution of the residual stress due to plastic forming such as tube drawing and cold expansion of holes [13, 14] . Plastic forming introduces the preferred orientation, or texture, of material, which can easily be measured by neutron diffraction. The stress measurement of textured material is not easy. Hayashi proposed a new method to account for the texture effect in stress measurements [5] . Fig. 9 . Comparison of residual stresses measured by neutron diffraction, X-ray diffraction and strain gage in buttwelded pipe. with outer and inner diameters of 50 and 25.4mm, respectively. Figure 10 shows the distribution of hoop residual stress measured by 111, 200 and 220 diffractions [5] . The measured residual stresses nearly agree with each other. The solid circles indicate the averaged residual stress distribution analyzed by the finite element method (FEM). The measured residual stress in the ring agree well with the FEM results, while it is slightly smaller than the FEM computation in the plug. This may be caused by weak diffraction intensity of the diffraction from the plug and by the texture of materials.
Coatings and Surface Modifications
The residual stress made by surface modification and coating has been measured by the X-ray method, and the successive removal method is used to obtain the subsurface distribution. The neutron diffraction method was used to determine the interior distribution of the residual strain of plasma-sprayed thermal barrier coatings. Figure 11 shows the distribution of the residual normal strain in the direction perpendicular to the coated surface [21] . The top coat of zirconia with 1mm in thickness was sprayed on the bondcoat of NiCoCrAlY over the copper substrate. The compressive strain measured in the top coat near the interface means the tensile in-plane residual stress. The strain is not uniform. The stress in the substrate is tension.
The neutron method has been applied to determine the subsurface distribution of shot-peened and carburized steels [22, 23] . The spatial resolution of the neutron method is not yet satisfactory and thicker layers are necessary for measurement. High-energy X-rays from synchrotron sources are available to determine the subsurface residual stress distribution in the intermediate region [24] .
Composite Materials
Like the X-ray method, the neutron method can detect the mean stress in each constituent phase of composite materials. Figure 12 shows the change of the phase strains in aluminum alloy reinforced with 5% SiC whisker as a function of applied loading, where the thermal residual strains are not included [25] . In the elastic range (<50MPa), Eshleby's model gives good agreement for strain partitioning. With the onset of matrix plasticity (>50MPa), the phase strain deviates from linearity as load is transferred towards the reinforcement, increasing the whisker stress and decreasing matrix stress. This gives rise to compressive residual strains in the matrix and tensile strains in the reinforcement upon unloading. The compressive strains in the matrix lower the yield stress in the reversed loading. This induces the Bauschinger effect and has been reported for multiphase materials such as steels consisting of ferrite and cementite phases [26] .
The measured residual stress can be decomposed into the macrostress and microstress, and the latter further decomposed to elastic mismatch stress and thermal mismatch stress by using Eqs. (9) to (15) . Figure 13 shows the residual stress distribution of Al/20 wt%SiCp plate with T4 heat-treatment [27] . The macrostress is compression near the surface. The thermal mismatch stress is tension in aluminum and compression in the reinforcement.
The thermal stress in the composite of alumina and zirconia measured by the neutron method is shown in Fig. 14 [28] . The residual stress is tension in alumina and compression in zirconia. The lines in the figure are the prediction of thermal mismatch stress based on EMT model. Agreement is fairly good. Figure 15 shows the residual stress distribution along the midthickness of the fatigue-cracked compact-tension specimen of steel measured by the neutron method [29] , wherex andy axes are along the crack line and perpendiculer to the crack face, respectively. The gage volume was 1 mm3. The tensile peak stress at a small distance from the crack tip in the relaxed state. Similar observation was reported for Al/SiCp composite [30] . A small change in the residual stress due to crack growth was hardly measured (a) Phase stress in ZrO2.
Fatigue Damaged and Cracked Components
(b) Phase stress in Al2O3. by the neutron method because of the limited spatial resolution [31] . The neutron method was successfully applied to the detection of the development of the residual stress near the notch root by fatigue cycling [32] .
MATERIALS EVALUATION
Line Broadening
The microstress induced by plastic deformation gives rise to the line broadening of the diffraction profiles [33, 34, 35] . Figure 16 shows the change of the line broadening as a function of the applied strain in stainless steel (JIS SUS316NG) [35] . The degree of broadening depends on the Fig. 16 . Change of HVB with tatal strain for stretched SUS316NG stainless steel.
(a) Poling direction.
(b) Diffraction pattern. diffraction planes. Like the X-ray method, the line broadening can be used to estimate the dislocation density or fatigue damage in polycrystals. The scatter of microstresses in mutiphase materials such as WC-Co alloys [36] is also responsible for the line broadening.
Texture
The preferred orientation or texture of polycrystals is easily measured by the neutron method because there is no need to thin the sample. Figure 17 shows the neutron diffraction profiles of 200 and 002 of poled piezoelectric ceramics (PZT) [35] . The direction of 002 is the spontaneous polarization direction of the tetragonal crystals of PZT, and is aligned along the poling direction.
Phase Transformation
The phase transformation inside the samples is detectable by the neutron method. Several in-situ measurements have been reported with respect to the martensitic transformation of NiTi shape memory alloys in smart materials and structures [37, 38] .
CONCLUDING REMARKS
The neutron diffraction method has been used to measure the loading and residual stresses in the interior of the materials and gives valuable information on materials science and engineering applications. Especially, the neutron method has been applied to the measurements of interior distributions of the residual stress in various welded and jointed structures. The neutron and X-ray methods complement each other in many practical determinations of residual stresses. Several problems are to be solved for further extensive applications. The determination of the stressfree lattice constants is one of significant subjects to improve the accuracy of the strain determination. The effect of the texture on the conversion from strains to stresses is the subject of the future study. The improvement of the spatial resolution is necessary. A joint project of high-intensity proton accelerators planed by KEK and JAERI will be a solution to the spatial resolution problem.
